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Abstract: Complex coacervation is an electrostatically-driven phase separation
phenomenon that is utilized in a wide range of everyday applications and is of great
interest for the creation of self-assembled materials. Here, we utilized turbidity to
characterize the effect of salt type on coacervate formation using two vinyl polyelectrolytes,
poly(acrylic acid sodium salt) (pAA) and poly(allylamine hydrochloride) (pAH), as simple
models for industrial and biological coacervates. We confirmed the dominant role of salt
valence on the extent of coacervate formation, while demonstrating the presence of
significant secondary effects, which can be described by Hofmeister-like behavior. These
results revealed the importance of ion-specific interactions, which are crucial for the
informed design of coacervate-based materials for use in complex ionic environments, and
can enable more detailed theoretical investigations on the role of subtle electrostatic and
thermodynamic effects in complex coacervation.
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1. Introduction

Electrostatically-driven self assembly can be tuned through a variety of parameters, including the
chemical nature of the charged species, the size or length of the charged particle or molecule, particle
shape, polydispersity, charge density, pH, and ionic strength [1-14]. Consideration of these variables is
critical in the design of self-assembled materials. For instance, electrostatic complexation between
oppositely-charged polyelectrolytes has been used in drug and gene delivery [7,14—18], thin film
coatings [19-21], processed food [22], and underwater adhesives [23-26]. Clearly, the functionality of the
material must be considered in the context of the operational environment. As an example, the stability
requirements for a material to be used in seawater (i.e., ~700 mM NaCl and pH ~7.4-8.4) are significantly
different from the requirements for stability under physiological conditions (i.e., ~150 mM KCI,
~20%-40% proteins by mass, and pH ~7.4 in the cytosol) [25,27-31]. In order to achieve efficient
materials design, it is necessary to develop a broader understanding of the role of individual
parameters on materials self-assembly, rather than relying on application-specific investigations.

Complex coacervation is a specific type of polyelectrolyte complexation, defined by a liquid-liquid
phase separation [32]. When aqueous solutions of oppositely-charged polyelectrolytes are mixed, the
resultant liquid complexes cause the solution to appear cloudy, due to the formation of a dispersion of
dense, polymer rich droplets (Figure la). These droplets can then coalesce into a polymer rich
coacervate phase in equilibrium with a polymer poor solution phase (Figure 1b) [1-9,33-35].

Figure 1. (a) Optical micrograph of the dispersion of liquid coacervate droplets formed in
the presence of 700 mM NaCl. Imaging was performed using an ultra-low attachment
96-well plate (Costar, Corning Inc., Corning, NY, USA). (b) Photograph of the coalesced
coacervate phase from (a) after centrifugation. All samples were prepared at 1 mM total
monomer concentration using a 50/50 mol% poly(acrylic acid sodium salt)
(pAA)/poly(allylamine hydrochloride) (pAH) ratio at pH 6.5. Complexes were prepared by
adding pAA to a solution containing a mixture of pAH and the desired quantity of salt.
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The overall formation of complex coacervates is strongly dependent upon solution conditions (i.e.,
pH and ionic strength), and is driven through a combination of attractive electrostatic forces and
entropically-favorable molecular rearrangements, where the loss of configurational entropy caused by
the electrostatic interaction of oppositely-charged polyelectrolytes is counterbalanced by the release of
small, bound, counter-ions from the polyelectrolyte salts into solution [2,6,14,36—41]. This critical
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entropic dependence on the release of counter-ions is considered to be the main reason why complex
coacervation is sensitive to the overall concentration of salt ions present. High salt concentrations
decrease the entropic driving force for complex formation and ultimately destabilize the liquid—liquid
phase separation [1-3,11,12,36,42—44]. In contrast to this inhibitory effect on complex formation
under conditions of high salt, the presence of small amounts of salt may, in fact, enhance complex
formation by softening electrostatic interactions, favoring more accessible polymer conformations, and
enabling chain rearrangement [4,36,45].

While the effects of salt on complex coacervation have been well studied in model systems, the
majority of these studies have focused only on the impact of NaCl as a simple monovalent
salt [1,2,4-6,8-10,33,34,36,46-51]. Those studies which have examined the impact of multivalent salts
on polyelectrolyte complexation have either investigated systems which form solid complexes rather
than liquid coacervates [39], or have utilized biologically-derived polymers and/or proteins [22,52,53].
For instance, a wide range of polysaccharides have been utilized in coacervation, particularly for
applications related to the food industry [22]. However, these biologically-derived polysaccharides
tend to be poorly defined chemically, as well as polydisperse. The use of proteins can also be
challenging because of the difficulty in defining a charge density for the system and the potential for
specific protein-salt interactions [14,45]. Thus, while the field has developed a primary quantitative
understanding of the role of monovalent ions in coacervation processes, the effects of ionic species and
higher valences remain unstudied. Although we can reasonably anticipate that the valence of the salt
ions should dominate the electrostatics of the system, it is not known whether these type of effects do,
in fact, scale directly with ionic strength. Additionally, more subtle effects (e.g., ion size, ion
hydration, dispersion effects, and polarizability), which are inseparable and have been correlated to
Hofmeister series effects) are even more challenging to predict [54,55].

In this report, we systematically examine the effects of various salts on the complex coacervation of two
vinyl polyelectrolytes, poly(acrylic acid sodium salt) (pAA) and poly(allylamine hydrochloride) (pAH). By
using this type of well-controlled model system, we eliminate effects that could be attributable to
differences in the interaction of the polymer backbone with the environment, or differences in polymer
hydrophobicity resulting from different side-chain lengths. The molecular weight of the polymers used
in this study was also chosen to minimize potential variation associated with differences in polymer
chain length. Turbidity was used to measure the extent of complex formation and investigate variations
in the stability of coacervates with respect to the addition of salts of different ion type and valence, as
well as polymer-based charge effects. In addition to examining the general effects of monovalent and
divalent salts, we compare various sodium salts to test for subtle anionic effects, and a series of
chloride salts to test for analogous cationic effects. Specific attention is given to sodium and potassium
salts because of the relevance of these ions in biological systems. Finally, we also discuss the
relationship between salt effects and polyelectrolyte charge density by examining the consequences of
varying pH.
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2. Experimental Section
2.1. Materials

Poly(acrylic acid sodium salt) (pAA) was purchased as a 35 wt% solution in water (Sigma-Aldrich,
St. Louis, MO, USA) while poly(allylamine hydrochloride) (pAH) was purchased as a dry powder
(Sigma-Aldrich). Both polymers have an average M, ~ 15,000, as reported by the manufacturer,
corresponding to a degree of polymerization N ~ 160. Polymers were used without further processing.
pAA is a weak acid with a pKa around pH 4.5, while pAH is a weak base with a pKa around pH 8.5 [9].
Stock solutions were prepared gravimetrically using Milli-Q water (resistivity of 18.2 MQ cm,
Millipore, Billerica, MA, USA) at a concentration of 10 mM with respect to the number of monomers
(i.e., the number of acid or base groups) present in solution and then adjusted to their final pH (6.5 or
8.5) using concentrated solutions of HCl and NaOH, as needed. Monomer concentration was chosen as
the experimental basis in order to easily enable direct stoichiometric comparison of the number of
positively and negatively charged units present in solution, regardless of pH.

Stock solutions of various salts were prepared gravimetrically and adjusted to their final pH (6.5 or
8.5), as above. At pH 6.5 the following solutions were prepared: 2 M and 5 M sodium chloride (NaCl,
ACS reagent, >99%, Acros Organics, Geel, Belgium), 2 M and 5 M sodium bromide (NaBr, certified
ACS, >99%, Fisher Scientific, Waltham, MA, USA), 2 M and 5 M sodium iodide (Nal, molecular
biology grade, >99%, Fisher Scientific), 2 M and 5 M sodium nitrate (NaNOs, biochemistry grade,
>99%, Acros Organics), 2 M and 5 M sodium acetate trihydrate (NaCOOCH;3:3H,0, Fisher Scientific),
1 M sodium phosphate dibasic heptahydrate (Na,HPO4-7H,0, certified ACS, Fisher Scientific), 2 M
sodium sulfate decahydrate (Na;SO4-10H,0, Acros Chemical), 2 M magnesium chloride hexahydrate
(MgCl,-6H,0, BioXtra, >99%, Sigma-Aldrich), 2 M calcium chloride dehydrate (CaCl,-2H,O, ACS
reagent, >99%, Acros Organics), 1 M trisodium citrate dehydrate (Na;CsHsO7-2H,0, certified, Fisher
Scientific), 4.5 M potassium chloride (KCl, BioXtra, >99%, Sigma-Aldrich, St. Louis, MO), 3.5 M
potassium nitrate (KNO;, ReagentPlus, >99%, Sigma-Aldrich), and 0.63 M potassium sulfate (K;SOy,
>99%, Sigma-Aldrich). At pH 8.5, the following solutions were prepared: 2 M and 5 M NaCl, 1 M
Na,HPO,4-7H,0, 2 M Na,S04-10H,0, 2 M CaCl,-2H,0, and 1 M Na3;CsHs07-2H,0.

2.2. Preparation of Polyelectrolyte Complexes

Complexation is achieved by mixing aqueous solutions of pAA and pAH, typically in the presence
of salt. Samples were prepared by first mixing a concentrated salt solution with MilliQ water in a
microcentrifuge tube (1.5 mL, Eppendorf, Hamburg, Germany), followed by sequential addition of the
polycation (pAH) and then the polyanion (pAA) to a final volume of 500 pL. The mixture was
vortexed for 5 s immediately after the addition of each solution. For all experiments, samples were
prepared to a final concentration of 1 mM monomers (total cation and anion). An analysis of the effect
of polyelectrolyte stoichiometry was performed at pH 6.5 and pH 8.5 in the presence of no salt and
100 mM NaCl over compositions ranging from 10/90 mol% to 90/10 mol% pAA/pAH. Taking into
account the effects of pH, charge-neutral or isoelectric conditions correspond to a 50/50 mol%
pAA/pAH mixture at pH 6.5 and a 33/67 mol% pAA/pAH composition at pH 8.5. The effect of salt
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was examined at these charge-neutral conditions at pH 6.5 and pH 8.5 over the range of 0 to 4.5 M
salt. All samples were prepared immediately before analysis and studied at room temperature (25 °C).

2.3. Turbidity Measurements

Turbidity was used to qualitatively measure of the extent of coacervation as a function of charge
stoichiometry and salt concentration. Turbidity measurements were made using a plate reader equipped
with a UV spectrophotometer (Tecan, Infinite M200 P80, Miannedorf, Switzerland). Turbidity was
measured at a wavelength of 550 nm and a temperature of 25 °C. None of the polymers absorb light at
this wavelength. Turbidity is defined as —In(//ly), with [y = incident light intensity and / = intensity of
light passed through the sample volume, and is measured in absorption units (a.u.).

After preparation, 100 pL of sample was pipetted in triplicate into a 96-well plate (black/clear with
lid, BD Falcon, San Jose, CA, USA) for analysis. Triplicate measurements were made for each well,
and all experiments were repeated three times. Error bars on turbidity plots represent the calculated
standard deviation of the data. All samples were referenced to an empty well plate.

2.4. Visual Characterization of Complexes

Visual inspection and optical microscopy were used to confirm the presence of liquid coacervates
and identify the critical salt transition where only no phase separation occurs. Optical phase contrast
microscopy (Leica DMI 6000B using Leica Application Suite (LAS) image acquisition software,
Wetzlar, Germany) enabled direct visualization of spherical coacervate droplets (Figure 1a). For the
salt studies, samples with a final salt concentration of 50 mM, 300 mM, and 700 mM were pipetted
onto a glass slide for imaging.

For visual inspection, samples were centrifuged (accuSpin Micro 17, Fisher Scientific) for 15 min at
10,000 rpm to coalesce the dispersed complexes to a single phase at the bottom of the microcentrifuge
tube (Figure 1b).

3. Results and Discussion

Here, we begin with a brief characterization of complex coacervation in our model system as a
function of charge stoichiometry (Section 3.1). Utilizing the optimal conditions for coacervate
formation identified in Section 3.1, we then explore the effects of various salts on complex formation
(Section 3.2). Finally, we examine the interplay between coacervate stability as a function of salt
concentration and polymer charge density by examining the effects of varying pH (Section 3.3). In
these studies, turbidimetry, coupled with optical microscopy, was used to provide a qualitative
measure of the extent of complex formation.

3.1. The Effect of pH on Coacervate Stoichiometry

The most direct variable for controlling coacervate formation is the charge stoichiometry, or the
molar ratio of polycation (pAH) to polyanion (pAA), in the system. Both of the polymers used in this
study are weak polyelectrolytes; the pKa for pAA is around pH 4.5, while the pKa for pAH is around
pH 8.5 [9]. Consequently, we made the assumption that at pH 6.5, which is two pH units away from
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the pKa of each polymer, both polyelectrolytes should be both fully and equally charged. Additionally,
the data reported here were obtained by adding pAA to a solution containing a mixture of pAH and the
desired quantity of salt. However, we did not observe significant variation in our data as a result of
reversing the order of polyelectrolyte addition.

For the symmetric case at pH 6.5 where both polymers are of equal length and equal charge, we
observe a maximum in coacervate formation close to 50/50 mol% pAA/pAH (Figure 2, black circles).
This composition corresponds to the condition of charge neutrality in the system, where the number of
charges from the polycation (pAH) equals the number of charges from the polyanion (pAA).
Furthermore, the turbidity signal is sharply peaked around this charge-neutral condition, in agreement
with previous reports [4,5,9,10], indicating the critical role of electrostatic effects in facilitating
complex formation. However, it should be noted that under conditions of no salt, the maximum
turbidity appears to be slightly lower than the ideal 50/50 mol% pAA/pAH composition. This slight
shift could be the result of local pH effects associated with the interaction of the two polymers with
each other. The addition of 100 mM NaCl appears to mitigate this effect, suggesting the ability of salt
to moderate local pH effects [56]. However, further investigation of this phenomenon is beyond the
scope of this work.

We further investigated the effects of charge stoichiometry by examining coacervate formation at
pH 8.5, corresponding to the pKa value of pAH. By definition, at the pKa a polyelectrolyte is only
half-charged. As shown in Figure 2, changing the pH from 6.5 to 8.5 caused the location of maximum
coacervate formation to shift from approximately 50/50 mol% pAA/pAH to 33/67 mol% pAA/pAH
(Figure 2, blue squares). The location of this peak again corresponds to the charge-neutral condition
for optimal complexation. Due to the fact that pAH is only half-charged at pH 8.5, twice as much pAH

is required to create a charge-neutral complex (i.e., two pAH chains for every one pAA, or a ratio of
33/67 mol% pAA/pAH).

Figure 2. Plot of turbidity as a function of the mole fraction of the polycation (pAH) at
pH 6.5 where both polymers are fully charged (black circles) and pH 8.5 where pAH is
only half-charged (blue squares). Data are shown for conditions of no salt (open symbols)
and 100 mM NacCl (closed symbols). All samples were prepared at I mM total monomer

concentration. Complexes were prepared by adding pAA to a solution containing a mixture
of pAH and the desired quantity of salt.

--0--pH 6.5

--0--pH 8.5
=-0--No Salt
—e— 100 mM NaCl

0.10 +

0.08 —

Turbidity (a.u.)
o
:
1

0.0 0.2 0.4 0.6 0.8 1.0
Mole Fraction pAH (mol/mol)



Polymers 2014, 6 1762

We also examined the effect of salt on the extent of coacervate formation with respect to charge
stoichiometry. Whereas the stoichiometry curves were very sharply peaked in the absence of salt, the
addition of 100 mM NacCl resulted in an increase in both the overall turbidity signal and the range of
compositions over which coacervation was observed. This broadening of the compositional range for
coacervation is thought to be a result of charge screening effects, where salt is able to interact with the
polyelectrolyte and provide local compensation for the charge imbalance [56,57]. Similarly, the
increase in overall signal could be the result of enhanced complexation (i.e., more droplets in solution),
or swelling due to increased water content (i.e., larger droplets) [4,47].

3.2. The Effect of Salt on Coacervate Formation

Building on the results obtained in Section 3.1, we examined the effects of increasing
concentrations of various monovalent and divalent salts on complex coacervates formed at an optimal
polymer stoichiometry (50/50 mol% pAA/pAH at pH 6.5 or 33/67 mol% pAA/pAH at pH 8.5).

Figure 3a shows a plot of turbidity as a function of salt concentration for monovalent NaCl, as well as
for Na,SO4 and CaCl,, which possess divalent anions and cations, respectively. In agreement with the
enhancement of coacervation observed in Section 3.1, and with previous literature reports [4,5,9,10], the
addition of small amounts of salt (<75 mM) increases the amount of complex formed (i.e., the size and
number of droplets observed). However, further addition of salt causes a decrease in the turbidity
signal until the point where phase separation is no longer observed. This concentration is referred to as
the critical salt concentration [1-3,9,10,33,44].

Figure 3. Plots of turbidity as a function of (a) salt concentration and (b) ionic strength for
a selection of monovalent and divalent salts. All samples were prepared at 1 mM total
monomer concentration, 50/50 mol% pAA/pAH ratio at pH 6.5. Complexes were prepared
by adding pAA to a solution containing a mixture of pAH and the desired quantity of salt.
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Compared with previous reports, the pAA/pAH system examined here at pH 6.5 shows extremely
high stability in NaCl. Examination of Figure 3 suggests that the critical NaCl concentration for this
system is above 4.5 M NaCl. This is a significantly higher critical salt concentration than has been
suggested previously [9,10]. This dramatic difference in critical salt concentration appears to be the
result of subtle differences in the electrostatics of the system during mixing. In the experiments we
report here, all solutions were adjusted to a pH of 6.5 prior to complexation, whereas in the previous
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work by Chollakup et al., the pH of the pAA and pAH were significantly different (i.e., pH 8.5 for
pAA and pH 3.0 for pAH), but stabilized at a value near 6.5 after complexation [9,10]. Further
investigations are needed to identify the mechanism responsible for this difference.

While the turbidity data suggests a critical salt concentration above 4.5 M for NaCl, divalent salts
such as Na;SO, and CaCl, are much more efficient at preventing coacervate formation (Figure 3a).
Despite the divalent nature of both salts, CaCl, has a more inhibitory effect on coacervation per unit
concentration than Na,SO4. Furthermore, Figure 3b reveals that, per unit of ionic strength, Na,SO4 has
the smallest impact on coacervation, less than even NaCl. The difference in the impact of CaCl, and
Na,SOy4 can be explained in terms of the “hardness” of the Ca*" ion compared to SO, [58,59]. Ca®" is
a very compact, “hard” ion, where the charge is localized around a single atomic point, creating an
area of high charge density. This is in contrast to SO4>", which is a more diffuse molecular ion where
the charge is spread out over multiple atoms.

The differences between the various ions at equivalent ionic strength can be further explained in
terms of the Hofmeister series [55], or the strength of their interaction with the polymer. The
Hofmeister series was originally formulated based on the tendency for various salts to aggregate or
solubilize proteins [60]. SO,* is considered to be a kosmotrope, which tends to “salt out,” or decrease
the solubility of a polymer with increasing salt concentration. Cl , on the other hand, is considered to
be a relatively inert anion that has little effect on polymer solubility [55]. In terms of coacervation, the
kosmotropic tendency of SO4* to decrease polymer solubility would actually enhance phase
separation, thus increasing the critical salt concentration compared to Cl , as suggested in Figure 3b.

The opposite behavior is observed for Ca®, which is considered to be more chaotropic than Na',
Chaotropic ions tend to “salt in,” or increase the solubility of polymers, thus disfavoring phase
separation, and accounting for the lower critical salt ionic strength observed for Ca*" as compared to
Na'. Additionally, chaotropes tend to favor aqueous interfaces [55], which would result in an increased
tendency to interact with the water—polyelectrolyte boundary, negating the entropic benefits associated
with counter-ion release and further disfavoring coacervation.

The trends observed in the Hofmeister series correlate with the “hardness,” or the free energies of
hydration of the various ions [58,59,61-63]. The Principle of Hard and Soft Acids and Bases (HSAB)
states that “hard” acids prefer to interact with “hard” bases. Similarly, stronger electrostatic
interactions are observed between ions with matching hydration energies [61-63]. Comparing the
interactions between the cationic polymer side-chains and the anionic salts, the apparent dynamic
hydration number (ADHN), or the number of tightly bound water molecules, is approximately zero for
both amine groups (NH4'), as in pAH, and Cl [61,64], suggesting the potential for a strong
electrostatic interaction. However, the ADHN for SO4* is 1.8 [61,64], suggesting a weaker interaction
with the amine side-chains of pAH.

We extended our investigation to include a wider range of sodium salts to further evaluate the effects
of various monovalent anions. An examination of turbidity as a function of sodium halide concentration
(Figure 4a) suggests a decrease in critical salt concentration with increasing atomic weight of the halide
anion (i.e., CI > Br >1). This follows the Hofmeister series, which trends from CI as a moderately
inert anion to [ as a chaotrope (i.e., tending to increase polymer solubility) [55,65]. This observation of
decreasing critical salt concentration matches well with the concomitant increases in polymer
solubility from the various ions. Higher polymer solubility will tend to destabilize the [55] phase
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separation and, thus, disfavor coacervate formation. These trends also match ordering of interactions
predicted by HSAB [59] and ion-water affinity measurements [61,64].

Figure 4. Plots of turbidity showing a comparison of varying monovalent sodium salts as a
function of salt concentration for (a) a halide series and (b) other monovalent anions. All
samples were prepared at 1 mM total monomer concentration, 50/50 mol% pAA/pAH ratio
at pH 6.5. Complexes were prepared by adding pAA to a solution containing a mixture of
pAH and the desired quantity of salt.
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Figure 4b shows a similar comparison of NaCl with the sodium salts of two molecular anions, NOs
and CH3;COOQO . Here, we observed very little difference in the turbidity plots for NaCl and NaNOs3, in
relative agreement with the ordering of the Hofmeister series of anions and HSAB designations [55,59].
Both ClI and NOs; have ADHN of zero, but direct comparison of additional affinity parameters such
as the Jones-Dole viscosity B-coefficient are complicated due to the differences in size between a C1
ion and molecular NOs; [61,64]. Interestingly, the data for NaCOOCH; (Figure 4b) suggest a
significantly higher critical salt concentration, similar to the trends observed for Na;SO4 as a function
of ionic strength (Figure 3b). Here, the kosmotropic tendency of SO4* and CH;COO™ decreases
polymer solubility, thus enhancing phase separation [65]. The fact that very similar behavior is
observed for SO4*~ and CH;COO™ at equivalent ionic strengths (Figure 5) further confirms the idea
that, while salt valence dominates interactions with coacervates, more subtle effects can be correctly
predicted based on correlations, such as the Hofmeister series.

While Hofmeister effects are typically more pronounced for anions [55], we also investigated series of
different chloride salts (i.e., NaCl, KCI, MgCl,, CaCl,) to examine cation effects (Figure 6). As was
indicated previously, the overall charge of the ion dominates its interaction with the coacervate.
However, examination of the turbidity data clearly demonstrates a difference in the interaction of the
various cations with the pAA/pAH system. The observed trends in critical salt concentration (or critical
ionic strength) correlate directly with the expected Hofmeister ordering (i.e., K™ > Na”™ > Mg*" > Ca”"),
where K~ shows the highest salt stability and Ca®" shows the lowest [65]. It is interesting that the
magnitude of the effect of the various cations on the critical salt concentration was comparable to that
observed for anions, whereas typically anionic Hofmeister effects are expected to dominate a system.
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Figure 5. Plot of turbidity as a function of ionic strength, showing a comparison between
NaCOOCH; and Na,SO4. All samples were prepared at 1 mM total monomer
concentration, 50/50 mol% pAA/pAH ratio at pH 6.5. Complexes were prepared by adding
pAA to a solution containing a mixture of pAH and the desired quantity of salt.

0.10 NaCOOCH,
| Na,SO,
— 0.08 —
3: .
5 0.06
> -
=)
5 0.04 -
re) 4
; 0.02 —
= ]
0.00 —
I ! I ! I ! I ! I !
0 1000 2000 3000 4000

lonic Strength (mM)

Figure 6. Plots of turbidity as a function of (a) salt concentration and (b) ionic strength for
a series of chloride salts, investigating the effects of various cations. All samples were
prepared at 1 mM total monomer concentration, 50/50 mol% pAA/pAH ratio at pH 6.5.
Complexes were prepared by adding pAA to a solution containing a mixture of pAH and
the desired quantity of salt.
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We further expanded our comparison of cation effects to include a variety of different sodium and
potassium salts (Figure 7). These two cations are of particular biological interest because they are
(i) the two most abundant monovalent cations in living organisms and (ii) the specificity of Na" versus K
is known to play a critical role in many biological processes [31]. While the solubility of potassium
salts limited the concentration range that could be examined, the same trends observed for NaCl/KCl
(Figure 7b) were present for NaNO3/KNOs (Figure 7¢) and Na;S04/K,SO, (Figure 7d). Regardless of
anion, the turbidity data consistently suggests enhancement of coacervate stability in the presence of
potassium salts, compared to sodium salts. Furthermore, the overall trends discussed previously with
regards to the effects of the various anions held true for both sodium and potassium salts, suggesting
that the effects of the various ions can be treated in an additive fashion.
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Figure 7. (a) A plot of turbidity as a function of salt concentration, showing a comparison
of different pairs of sodium and potassium salts, which are highlighted individually
in (b—d) as a function of ionic strength for (b) NaCI/KCI, (¢) NaNO3/KNO;, and
(d) NaxSO4/K;,S0O4. All samples were prepared at 1 mM total monomer concentration,
50/50 mol% pAA/pAH ratio at pH 6.5. Complexes were prepared by adding pAA to a
solution containing a mixture of pAH and the desired quantity of salt.
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3.3. The Effect of pH on Coacervate Salt Stability

Finally, we returned to the idea of polymer charge density by investigating the effect of salt on
coacervate formation at different pH conditions. The data presented in Section 3.2 was collected at pH 6.5,
where both pAA and pAH are assumed to be fully charged. However, pH 8.5 corresponds to the pKa
for pAH, meaning that pAH is only half-charged, while pAA remains fully charged. In Section 3.1 we
demonstrated that an increase in complex formation and broadening of the coacervation window
occurred in the presence of low concentrations of salt at both pH conditions. However, the data
presented in Section 3.2 suggested that turbidity is only sensitive to variations in complexation in the
high and low salt limits.

Figure 8 shows a plot of turbidity as a function of NaCl concentration for coacervates prepared at
pH 6.5 (filled) and pH 8.5 (open). With increasing pH there is a distinct decrease in the observed
critical salt concentration. This matches well with predictions based on the Voorn-Overbeek theory,
which suggest that the critical salt concentration decreases with decreasing charge density [11,12,44].
However, the same trends regarding salt valence and type were observed at pH 8.5 (Figure 9)
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compared to pH 6.5 (Figure 3), albeit in convolution with the decreases in critical salt concentration

resulting from polymer charge density effects.

Figure 8. Plot of turbidity as a function of NaCl concentration at pH 6.5 where both
polymers are fully charged (closed) and pH 8.5 where the pAA is half-charged (open). All
samples were prepared at 1 mM total monomer concentration, and charge-neutral
conditions (50/50 mol% pAA/pAH at pH 6.5 and 33/67 mol% pAA/pAH at pH 8.5).
Complexes were prepared by adding pAA to a solution containing a mixture of pAH and
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the desired quantity of salt.
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Figure 9. Plots of turbidity as a function of (a) salt concentration and (b) ionic strength for
a selection of monovalent and divalent salts. All samples were prepared at 1 mM total
monomer concentration, 33/67 mol% pAA/pAH ratio at pH 8.5. Complexes were prepared
by adding pAA to a solution containing a mixture of pAH and the desired quantity of salt.
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4. Conclusions
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Overall, we confirmed the dominant role that overall polyelectrolyte charge plays in determining
the extent of complex coacervation via turbidimetric analysis of a matched pair of vinyl
polyelectrolytes (pAA/pAH) at well-defined pH conditions to minimize the number of potential
variables and allow for unambiguous interpretation of the data. Maximum complex formation was

observed at polymer compositions corresponding to charge neutrality. In the symmetric case of two
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equally charged polymers this maximum occurred at 50/50 mol% pAA/pAH. However, for the asymmetric
case where pAA remained fully charged, but pAH was only half-charged, the maximum shifted to
33/67 mol% pAA/pAH because of the increased number of pAH chains needed for charge neutrality.

The effect of salt on coacervation also depended strongly on the overall charge of the ions, although
significant secondary, Hofmeister-like effects were also observed. For instance, a significant decrease
in the critical salt concentration was observed for divalent as compared to monovalent salts. However,
this decrease in the critical salt concentration could not be attributed solely to the effects of ionic
strength. Divalent cations were found disfavor coacervate formation more strongly than divalent
anions. These differences were explained based on the size and charge density of the ions, as well as
their hardness and solvation. These observations based on HSAB theory also agreed well with trends
expected from the Hofmeister series. In particular, chaotropic ions, such as I and Ca®’, which are
characterized by a tendency to “salt in,” or increase the solubility of polymers, tended to decrease the
critical salt concentration. Conversely, kosmotropes were observed to increase the critical salt
concentration by lowering the polymer solubility and thus favoring phase separation. Decreases in
polymer charge density as a result of pH changes were also shown to affect the absolute value of the
critical salt concentration, although not the overall trends observed for various salts.

These results have the potential to enable the informed design of coacervate-based systems for use
in complex ionic environments. We have demonstrated that electrostatic effects related to the polymers
and various combinations of cations and anions are, in fact, additive, and can be predicted based on a
combination of overall charge and Hofmeister-like behavior. More detailed investigations of the effect
of salt on the thermodynamics of complexation and the internal polymeric structure of the coacervate
phases are underway, as are theoretical investigations designed to capture both overall charge effects
and ion-specific subtleties. It would also be particularly informative to characterize transient effects,
such as the addition of salt to a pre-equilibrated coacervate system. The development of a framework
for the straightforward design of coacervate-based materials in complicated ionic environments has
significant potential to improve their application in a wide range of fields.
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